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I

I

ABSTRACT
II

44 annotated references on heat transfer through metallic
contacts are included. Emphasis is placed on thermal
contact resistance in a vacuum. Welded and bonded joints
are not included. Most of the information abstracted
relates to the technologies of aircraft structural design
and nuclear reactor design. The literature sources used
were:

I 1. Applied Mechanics Reviews, 1948-1961

2. Engineering Index, 1940-1961

I 3. NASA & NACA indices, 1950-1961

4. Nuclear Science abstracts, 1951-2161

I 5. Lockheed Missiles & Space Co., Technical

i Information Center Card Catalog

I
I
I
I
i
!
I
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1. Ascoli, A. and Germagnoli, E.

Thermal resistance measurements at the

contact between U and Al slabs. ENERGIA

7UCLEARE v. 3, n. 2, p. 23-31, 1956.

(In Italian)

Some preliminary results concerning the heat transfer between U and Al slabs
are given. The dependence of the thermal resistivity of the contact upon the
coupling pressure and the heat flux has been investigated in a wide range of
these two Parameters.

2. Barzelay, M. E. and Holloway, G. F.

EFFECT OF AN INTERFACE ON TRANSIENT TEMPERATURE

DISTRIBUTION IN COMPOSITE AIRCRAFT JOINTS.

NACA TN 3824. Apr 57, 51 p.

Geometrically related structural joints representing typical skin-stringer
cross sections were tested under radiant heating to simulate the effects of
aerodynamic heating. Temperature histories for 15 2024-T aluminum alloy
fabricated specimens and an equal number of integral control specimens were

recorded for two different constant heat inputs, ranging from approximately
5 to h0 Btu/(sq ft)(sec). A maximum temperature rise of 450 F was attained
in the specimens in 8 to 40 seconds of heating. There was no restraint or
external loading appiieJ'.

The oresence of an interface was found to have a significant effect on the
temperature distribution in all geometries tested and thus must be considered
in tempcrature calculations.

Interface conductance values were computed for each of the 15 fabricated
specimens. These values ranged from approximately 150 to 1300 Btui(sq ft)
(hr)(°F) with a modal value of 300 Btu/(sq ft)(hr)(°F). Geo.iotry and heating
rate werc: found to have an effect on joint conductance by influencing the
temePrature distribution and thus the warping of the mating surfaces.

LOCKHEED AIRCRAFT CORPORATION AMiSSILES aond SPACE DIVISION
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3. Barzelay, M. E., et a!

ETPECT OF PRESSURE ON THERMAL CONDUCTANCE OF

CONTACT JOINTS. National Advisory Committee

for Aeronautics. NACA-TN-3295. May 55, 52 p.

As an extension of p2avious experimental work further tests wer'e conducted
to determine the factors influencing the thermal conductance across the
interface formed between stationary plane surfaces of 75S-T6 aluminum-alloy
and AISI Type 416 stainless-steel blocks. The types of joints investigated
included bare metal-to-metal contact, contact surfaces separated by a good
conductor (brass shim stock), and contact surfaces separated by a thin sheet
of insulation (asbestos). The average surface roughness of the metal blocks
ranged from 10 to 120 microinches root mean square at the interface. The
plane areas forming the interface were surface ground to an average flatness
of tO.0002 inch. The average contact pressure on the interface joint area
varied from approximate?, 5 to 425 psi. The mean temperature of the inter-
face was held to within t 50 of 2000, 3000, and 4000 F. Heat flows of 7,000
to 80,000 Btu per square foot per hour produced temperature drops across the
interface of from less than 1lF to as much as 150 0 F for some special bare
joints and to about 200OF -,or the insulating types of joints.

4. Barzelay, A. E. and Holloway, G. F.

INTERFACE THERMAL CONDUCTANCE OF TWENTY-

SEEN RIVETED AIRCRAFT JOINTS. National

Advisory Committee for Aeronautics. NACA

T•N 3991. July 57, 23 p.

Tw.enty-seven structural joint specimens of 2024-T3 and 2024-T4 aluminum alloy
consisting of a T-stringer rivit(rd to a 10- by 10-inch skin surface were
tested under simulated !orodynamic heating with no external ioeading applied.
ntoer•e ,e thermal1 conductance was determined from local transient-temperature

records. The heat input (approxiocoely 10,000 to 75,000 Btu/(sq ft)(hr)) was
held constant during an• given +,st and the duration of heating was from 15
to 50, csconds.

LOCKHEED A!RCRAFT CORPORATION MISSILES and SPACE DIVISION
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5. Barzelay, M. E.

RANGE OF INTERFACE THERMAL CONDUCTANCE

FOR AIRCRAFT JOINTS, NASA TN D-426. May

60, 63 p.

More than 100 aluminum-alloy and high-temperature-aIloy structrual-joint
specimens consisting of a stringer joined to a skin surface were tested under
simulated aerodynamic heating conditions. Interface thermal conductance was
determined fromtransiaiL•mperature records. Most of the specimens were geo-
metrically identical and of the same aluminum alloy in order to take into
account the effect of manufacturing variability and of many different types
of fastenings; the heat input was nearly constant during any given test;
mean interface temperatures as high as 6 00°F were achieved during the transient
heating; and most of the tests were conducted during a period of less than
1 minute.

6. Barzelay, M. E., Tong, K. N. and Holloway, G. F.

THERMAL CONDUCTANCE OF CONTACTS IN AIRCRAFT

JOINTS. National Advisory Committee for

Aeronautics. NACA-TN-3167. Mar 54, 47 p.

Tests were conducted to determine the factors influencing the thermal conductance
across the interface between 75S-T6 aluminum alloy and AISI type 416 stainless
steel structural joints.

7. Bernard, J. J.

THERMAýL CONTACT RESISTANCE OF JOINTS.

Advisory Group for Aeronautical Research

and Development. Rept. no. 2i2. Oct 58,

16 p. ASTIA AD 2I LO?. (In French)

A description was presented of an apparatus constructed , t () F. Y. 1F .,
Paris for studying the thermal contact resistance between condutors or betwe•*•n
conductors and insulators and the extert to uhich this varies as a result of
the tightening pressure. The measurement conditions differ from those in
the various investigations of similar nature previously undertaken mainly in
the fact that the thickness of the test piece is not sufficient to permit the

3
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use of thermocouples and all temperature measurements have to be made outside
the materials examined. A description is given of the measurement methods
applicable in this case and of the relevant instruments used, and results of
recent tests are quoted.

8. Boeschoten, F.

On the possibility to improve the heat transfer

of uranium and aluminum surfaces in contact.

In PROCEEDINGS OF THE INTERNATIONAla CONFERENCE

ON THE PEACEFUL USES OF ATOMIC ENERGY. Genevai

Aug. 1955, Vol. 9, p. 206-209.

Several methods for improving the heat transfer between aluminum and uranium
surfaces in contact are presented. These methods include applying pressure,
gaseous lining, liquid lining and pretreatment.

9. Boeschnten, F. and Van Der Held, E. P. M.

The thermal conductance of cortacts between

aluminm- and other metals. PHYSICA v. 23,

p. 37-44, 1951.

The coefficient of heat transfer of a joint between aluminum and aluminum,
steel and uranium respectively vas measured. The gap between the metal
surfaces was filled with air, helium or hydrogen of gas pressures varying
between 1 mm Eg and 750 mm Hg. Some Cils also were introduced in the 'oint.
Tho temperature of the joint was about 150 C in all experiments.

It aprears that al low contact pressures of several kgf cm"2 the heat conduction
takes place principally through the gas in the gap, whereas a.t higher contact
pressures the metallic contact spots contribute more and more to the conductance.
This is in agreement with the measurements of Weills anda Ryder.

Calculation of the thickness of the gan from heat conductance measurements are
in rounh agreement with roughness measurements with a profilometer and a
microscope.

1.4 estimation is made of eize and the nwrber of the metallic contact spots,
using the theory for electric contacts of Holm and other6. Trori thermal
conductance and hardness measurements the average radius of the contact spots
is found to be about '0 i, whereas about 100 of such spots may he found per

LOCKvHFE AIRCRAFT CMRPORATION MISSILES and SPACE DIVISION
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per square centimeter at a contact pressure of 35 kgf cm- 2 .

The contact pressure has not much influence on the size of the contact spots,
but their number varies proportionally vIth the contact pressure. Above a
certain value of the contact pressure a confluence of the contact spots takes
place and a decrease of their number.

Moreover it seens that the size of the contact spots is Independent of the
metals by which the JOint is formed, a value of about 30 u being found for
a great variety of metals, such as aluminum, uranium, steel, copper, nickel
ard graphite, under different circumstances, regarding the applied contact.
pressure and the size and the shape of the joints.

This independence of the size Of the contact spubs of the contact pressure,
and the fiaterials of the joint, makes it possible to estimate the coefficient
of heat trausfer of arbitrary metallic Joints.

10. Brooks, W. A.# Jr., .#Griffith, G. 2. and Strass, U. X.

jV0 7ACTS TNFLMCIC.NG TEMPERATUPR D!STRPBUTIONS

AND TORMAL ST :'_ESS IN STWCTUESeS. National

AMvisor7 Coamittee for Aeronautics. NAM TN-4035.

June 57, 13 p.

The influence of joint conductivity and Internal radiation on temperature
distri'bution and thermal stresses has beea dacicussed. Joints of poor
conductivity can occur in normal f•brication prccedure arn greatly alter
temperature distributions and increase thermal stresses. On the othaer han•,
internal radiation tends to siae the temperature d!0t.ibti!ons more uniform
Bnd thereby relieves thermal stress.

1. •Bruot, A. W. arA. Buckland, F. F.

Thermal contact resistance of laminated aad

maoLhnel Joints. ATO TRA.N3 v. 71, r. 253-57,

Values of thcrmal contact resistance reported for two types of oits, i.e.,
,,oint between two blocks of laminated steel either in direct contact or
separa;•'i by cement or shims of steel, aurinvium or alunminum loi.1, and 'oiat
betwecn b,•;O bocks of cold, relled steel with varions .zirface fiaishea;
resistance as meastured amolats to 0.3 to 8 in. of tddctional material
depending on configuration.

LCK LLLD AIRCRA-T CandPOL'AT! -, WýIAC an, °A IVIC.10i
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12.• Brutteo, . a, ssrar.ads, I. and Perona, G.

Thermal contact res•stance between eylindrical

metall.ic surfaces. ERIGA VUCTZA1E v. 6,

A simale methoa suitable for Ineawting the thenmal contact resistance between
cylindrical surfaces Is describedp and the approxixhatlon obtainable is given.
Some results on Cu clad by drevwng with A1 are reported and discussed.

'13. Cetinkaleo. T. T. anid •'ishenden, M.

1hermal conductance of metal aurfaces "ii contact.

In rRIO•CEDIN= OY THE GENERAL DISCUSSION Oil

VEAT TRANSMER. London, Institation of Ycchanieal

Engineers. 1931. p. 271-275.

This paper describes measurements of the thermal conductance of joints, formed
by Drossing together two parallel metal surfaces of the same size. A
theoretical expression for the conductance Is also deveioped with the help. of
Southwell's relaxation method. Direct analytical solution proved impracticable
because of the many boundary conditions to le satisfied. Experiments were
made with steel, brass, and aluminum surfaces, ground to different degrees of
roughness, with air, spindle oil, or glycerol between them, under various
pressures. The experimental results agree well vith the theory.

.14. Coulbert, 0. D. and LIu, C,

T THERMAL RESISWIC OF 0AIRCRAFT STRUCTUFLJ

JOINTS. California U. Dept. of Engiaeering.

, ept. no. WADC-TN-<-5O. June 53, 45 7.

(Contract AF 33(66)-23 ADTIA VD24

An experimental method of measuring th, thermal resistance of rlvetted or
bonded lap joints by usirg a Mach-Zehnder Interferometer is described. Results
of thermal resistance measurements are presented for 21 typical aircrait-
structure joints. These 'oints were riveted skin and stringer combinations,
"he1t1bond" joints, and sever&,.i 'oints typical of antl-iclng duct construction.
,A _verage value of" thermal resistance for the 12 typical riveted skin stringer

LOCIKHEED AIRCRAFT CORPORATION MISSILES and SPACE OrVISIOhN
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joints was equivalent to 0.00075 inches of air gap with a maximu.m value
of 0.0014 inches air gap. The relative effect of the parameters of rivet
pitch, skin thickness, and surface finish wai small, and consequently,
inconclusive from the limited data obtained. The experimental method
developed is simple and suitable for further study or routine measurement
of thermal resistance of a variety of lap-joint construction.

15. Davies, W.

Thermal transients. i graphite-copper contacts.

BRIT. J. APPL. PHYS. v. 10, n. 12, p. 516-522,

Dec 1959.

The effective surface in contact Is assumied to consist of numerous small
circular disks which are separated to such an e:tent that they do not interact
electrically or thermally. By applying the dlifferential equation of thermal
conduction the distribution of Lemperature around any of the a.isks is deduced
quantitatively. In the course of' the deductiono various approximations are
made which appear to be reasonably justified.

Assuming that the current is on for 1-0-4 see and the metallie surface Is free
froA oxide, an analytical expression for the dlstribution of temperature is
obtained. From this result the greatest rise of temperabure in g2.aphit9 is
50 C. A similar deduction is performed eo the ars-unption that the metallic
surface is covered by an oxide film; the greatest rise of temperature in
graphite Is, in this case, 70 C; this figure, however. is presumably too low
because the thermal resistance of the filA had not been taken into account.
Finally the rate of cooling is deduced assuming that the electricat contact
had been brokea.

Dyban, E. P., Kondak, N. M. and. Save+s, r. T.

Investigation of contact heat exchange between

riachine rarts. IZV. AkAD. NAUK. SSSR OTD. TEKH.

NAUK n. 9, P. 63-79, Sep 1954. (In Pussian)

.•eport on experLieata! research of parameters affecting the heat flow

between metal 'Parts vith rartieular reference to power buckets ia turbo-
machines. Temperaturc differential, surface finish, degree of contact
pressure, different metals, surface hardness (gross and micro), oxidized
coating, plating of surface with soft metals, a.id the nature Qf ambient
gases were considfered systematically for their over-all and reciprocal
'effect on heat-condi•ntion coefficients.

7
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" Tests vere run by setting up a stack of two metal blocks with calibrated
,hermocouples inserted at regular intervals down the height; applying measured
electrical beat at the 'pper end; measuring ealorimetzically the heat dissipated
at the lower end, and surveying the temperature distribution along the height
and across the parting line. hesults are clearly presented and experimental
accuracy well documented, but researchers declare that their aim for simpler
analytica-. relationships could not be achieved, particularly because ef the
utter randomness of the areas of direct metallic contact as opposed to the
air Cars alvays present between surface microasperities.

The empirical approach is therefore reconmnended.

17. Fenech, N. and Rohsenow, W. M.

Th'EIMAlj CONDVIANIM OF METALICT. 3UMPAM IN

Co0•AcT. Mas"schusetts Institute of Technology.

Beat Transfer lab. Rept. no. NYO-fl,6. 14Y 1959#

166 p.

The. purpose cf the present work is to develop a method, for the determination
of the thermal conductance of metallic surfaces pressed together. In the
first part, a inathematica. analysis of a thermal contaý-t is car; led-out on
on Idealized-shape of contact point. The thermal conduteance is expressed
as a result of this analysis, as a function of the therinal conductivtes of
the metals pressed together Yl, KC; the thermal conductlvty of tihe material
or fluid filling the void Saps, X., the ratio of the real azea in contact,

tA to the total area of the contact A:F 2 ; tLe rumbaer of coutact points
per umit area, n; and the volume-average thickness of the void gaps. The
case of a uniform heat source in one of the metal making the contact is
also treated. Tt vas found that the thermal conductance, was essential'
the same as for the previous case (heat generated awy from the bound:rY'),
neg!ecting a small correction factor. A recurrence equatiou is also developed•,
".jhich txlreciea the thermal conductance hn of a contact between surfaces
haVItg n ty-,es of de±fCLs (suth as roughness sad wavlnd.•e*ss> The second part
of tIis vori outlines a method to determine Vhe p ysi.•ai pzoperties of a |
contaec i.e., the number of contact points, the real area in contact, tue
volunme average thickness of the void, and find their dependence on the
pressiire applied on the contact. 'o use this niae!,Loa, tv
reorded profP 2.es, perpendicular to one onother, are Letd.d, for each surfaee,
and a hneoo nardness test fox the softest of the two nr als mak:.ng the contact.
The third part is devoted to the experimental work carried out. It Includes;
a description of the apparatus and of the method used to determine the
conduc~ance; the experimental assertion of the validity of the assumptions
made in the theoretical analysis; thQ application of the method outlined tn
part two to the case of an Iron-Aluminum contact. Good agreement was found

LOCKHEED AIRCRAFT CORPORAPON I.;SSILES and SPACF MIVISION
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between the predicted and measured thermal conductance over a range or
pressures between 90 p.s.i. to 2,600 p. s. 1. The fourth part consists In
some further remarks on thermal contacts, the effect of surface oxiation
on the electrical and thermal resistance of a contact. Vinally values of.
the thermal contact resistance and their dependence on pressure are calculat.d.
for a given surface state (15150 r.m.s.), and a combination of metals of I
interest in solid fuels nuclear power reactors (i.e., Uraniur metal fuel rods
wtbh cladding in Stainless-steel SS-304, Zirconium, Zirraloy-2, Niobiumn,
Beryllium, Aluminum, Magnesium). Plots include the cases where elternletive1ý
the void, gaps are fillecl vth helium, 50 He + 50 (Xe + Kr), or TaK.

FIshenlen, 14. and Kepin8sk, A.

Fesistanet to heat transfer ic gap between

two 'parallel surfaces in contiact. In

PFOMMING OF T 0SEVLNa IHIMP!ATIONAL CON•WSi

014 APPLTED NEC!!ANICS. v. 3, 1.94I, r. 193-195.

"Temperature drops along a steel rod of 2in. diameter sawed in two perpendicular
to its axis, vere measured under various Leat flows. A heat resistance,
equivalent to an air layer 0.001 In. or (in a tvdsted position) 0.002 in.
thick, was fold. Pýressure In the contact was rinmmal. Convectioa and
radiation losres were accounte. for 'bry calculetion.

19. Frank, I.

Transient temperature distribution in

a:r'•ufIt Bructuree. -T. AF0. ýCX. v. 25,

nr. , P. 265-267, AM 1958.

Atthor presents anal'tical solution for co()ventfonal symmnetrical two-shin-
ard-charnel stifxener configiiatiin reduced to a T by simljifying Easssumticns:

(1) Etrucitral members are thermally thin; (Lý joint heat. conductance can be
xejresenti-. 'by arytierl nonvpCtive heat relations; (0) no interval radiant or
(nonjout) convective heat transfer; (1j) thermal conduction properties inde-
Qcuderit of temperature; and (5) heat capacity of stiffener flei.ge in uegligile.

Fen. irnrut (to one surface or syrnmetriual to 'both surfaces may be exrressed as
a colynomial function of time. Validity of assumptions is ecriirmed by good
agreeuinýt of theoretical results w.qith experianent.

atho% irs adv'ua.c:, of nnaliical soictions" generality, and freedom from
xien•ive umaerical computation; it is therefore useful Jr area of temperature

zrgn-, Ue'ium uitpr;-! th'irmua propeities anii oean creornetries in wrich

[ sunF A - ORe TOMSEPItificd.
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20. Graff, W. J.

Thermal conductance across metal joints.

MACa. DESIGN v. 32, n. 19, p. 166-172,

Sep 1960.

The thermal conductance of the joint, ý, is defined as the heat flcw per
unit area, per unit temperature difference across the joint. It is
shown that a dimensionless conductance Ap/kpl in which k and r are the
thermal conductivity and the density of the metal and p is the pressure across

the interface, may be correlated with a dimensionless ýressure p!B in which
B is the Brinell hardness of-the nietal. Log-log plots are substantially
linear. Experimental results collected from published work give a series of
lines having approximately the same slope, but these lines are displaced
from one another because of differences in surface roughness. A table
indicating the degree of roughness to be expected from various finilshing
methods is given. Tt is shown how this information can be used in design
calculations.

21. Griffith, 0. 2. an& 14iltonberger, 1. H.

SOME EFIFECTS OF JOINT CONDUCTIVITY ON THE

TEIvZ-ERATURE LISTRIBUTIONS AND THERRvIAL 6ESMES

ID STRUCTURES. National Advlsocy Commaittee for

Aeronautics. UI.CA-IN-3699. June 56, 62 p.

Temperatures and thermal stresses in aerodyonmically heated skin-stiffener
combinatioa were calculated with the aid of an electronic diffeiential
analyzer. Variations -were made in an aerodynamic heat transfer parameter,

a joint conduct'vity parameter, and a ratio of skin width to skin thickness.
"Tit results indicate that decreasing the joint conductivity or increasing
the heat transfer coefficient increases the peak thermal stresses in the skin
and may appreciably increase the peak stresses in the stiffener, whereas
the ratio of skin width to skiii thickness produces some increase in the
pe~k stiffener stresses ýut a corresrond~rdg decrase in peak skin stresses.

KOCi(HPED A.rRCWAFT CO_)P~P(ATIO)N, AISOILF,.J ýr:!ACE VIVIPON!
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22. Held, W.

Der Waermeuebergaug zwischen bearbeiteten

oberf laechen. ATIMEIAEVI -E WAERPETECHNIK

v. 8, n. 1, p. 108, 1957. (In German)

Heat transfer between two finished metal contact surfaces; tests carried out
in connection with investigation of thermal conditions in electric machinery;
various macroseopically smooth metal surfaces, in which heat contact resistance
is dctermined, as in analogous electrical case, by measurement of. heat flow
and temperature dIfference,

23. Holloway,, G, .

THE EFFECT OF AU ISTERFA_ E ON THE TRAN3PFNT

DISTRIBUTIO!? IN CO.PWITL AIECRMYT JOINTS.

kracuae U. 1954 (Thesis).

24. Holm, Ragnar•

Calculation of the temperature development

In a contact heated in the contact surface,

and. application to the problem of the

. temperatoe rise in a slidinS contact. JOINTAL

Or AFP!TED P•rT1CS v. 19, p. 367-366, 1946.

In this paper the author extends his vork in the fteld of electrie contacts
t.o the case of tempernture rise in a s1iding contqct where the heat Is generated
by friction. The ideal system propose4 ia s serm-infinite space limited by
a plane surface containing a circular area in which heat Iz generated at a
U1Afors, Jrate. 7T: the application of thias .olutlcn- to th' C•.!e o0 sliding
contacts, hneat generation in the contact surface is limited at each point
to the time of contact. Assumptions are made as to th. size of the contact
surface based on earlier investigations of the author. Comparisonis with
ex--•-i-entally observed temperature rises in bimetallic sliding contacts
are awi; presented. . The author was apparently unawars of the paper, "The
theory of moving sources of heat and itV application to metal trcat*ments,"
b- Daniel Rosenthal (Trans. ýASIE v. 63, p. 849-P65, 194L6) which represerts
Saniore eos'~e~e solution of the same type of problem,

I.:RCRAT CORPORATION MS .LES adPACE DMVISýOr'
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25. HoIm, R.

Temperature de-velopment in a heated contact with

application to sliding contacts. J. APPL MECH,

v. 19, p. 369-374, 1952.

The calculation of temperature in and aroumd a contact heated by an electric
current or friction is of practical importance. The form and size of contact
are generally only roughly known, and approximate solutions only are required.
Exact solutions for a few special cases have been previously obtained, but

these are complex for computational purposes. Satisfactory approximate solutions,
relatively simple to work from, are derived by author for eases of circular and
oval heat sources, both stationary and i1oviu- in face of a semi-infinite solid.
Reviewer is of opinion that notation empi.oyed is not always well devised.

26. Jacobs, R. B. End Starr, C.

Thermal conuiactance of metallic contacts.

REVIEEW OF SCIEI'TIFIC INSTRUbM4ENT v, 10,

p. iio-i41, 1939.

An investigation was made of thermal conductance between various clean
metallic surfaces in a high vacuum. The conductar- s were studied as a
function of pressure and the investigation was linited to good heat conductors.
Results are included for gold, silver, and copper as a function of contact
pressure at room temperature and at the temperature of boiling nitr-ogen.

I7. Karush, W. and Young, G.

FLOW OF HEAT INTO COATING THROUGH A NARROW

SqRIP. Chicago U. Veta•JurgicaI Lab. Rept,

no. AECD-2959. Feb, 29, 1944. DeNlaoSifý'ed

Oct. 16, 1960, 5 P.

The -hecrF.t'cal problem considered is that of cylinder, with internal heat
generation, cooled at its outer radial surface through a thin conducting
coating oud covered on its ends by thin conducting disks through which neat
is conducted radially to the cylindrical surface. Owing to these end disks
the -oating will carry an extra thermal load at the area of junctioa between
the disks and the coating. '"he Rxtra heat flow through, and Lempe( raourp ri 6t

in, - he coating are the c&2;>ct of the calcalations. Tu.".o solt incns of a I~robiem
;f this kind are given, one exact and one approximate.
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20. Karush, W.

TEMPERATURE OF TWO METALS IN CONTACT.

Chicago U. Metallurgical Lab. Rept.

no. AECD-2967. 22 Dee 44. Declassified 16

Oct. 60, 8 p.

The temperature at the surface of contact of two metals, across which heat
is flowing, is considered ana lytieelly under certain idealized conditions.

29. Kondo, C.

Thermodynamical fundamental equation for

spherical interface. 3. C*iEM, PHYS. v. 25,

n. 4, p. 662 669 Oct C956.

Au"thor derives the fundamental equation for interface and investigates the
relation between the position of the Gibbs dividing surface with the
superficial density and the "surface tension" by purely thermodynamical
means. The surface of tension is defined as that particular dividing surface
making the "surface tension" stationary, which later proved to be the
minimum. Expressions of the siiperficial densities are given. Surface tension
is then related to the tangential_ qt±rep.q or) *.e div-ding surface. This stress
is found to reach a large negative value at the interface. Peviewer fop!s
that the sign of tangential stress needs clarification, contrary to the
ConventioL concerning normal stress.

3Q. Kouwenhoven, W. B. and Potter, 3. 11.

Thermal resistance of metal contacts.

WELDING JOURNAL v. 27, p. 515s-520s, 1949.

-',ort on exrerirnpnt.s at, Johns Hopkins U. on thermal resistance of steel to
steel joint; effects of pressure, temperature and sfrface roughness; thermal
resistance results are reported at two temperature levels for pressures
"ranging from 195 to 2955 psi; tests at constant pressures and varying
temperatures indicate that temperature level has only' small effect on thermal
LCs" stance.
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31. Ling, F. T.

A quasi-iterative method for computing

interface temperature distributions.

ZEITSCHRIFT FUR ANGEWANDTE MATIHMATIK

UND PHYSIK v. 10, n. 5, P. 461-474,

Sep 1959.

Author considers flash temperature problem for semi-infinite body sliding on
rectangular contact area protruding slightly above another such body. Staring
from known theories, both for stationary and moving heat sources, a singular
integral equation of the first kind is set up, under usual assumption of
vanishing temperature jump across contact area. Iterative techniques for
solving this equation numerically are developed for various ranges of the
Peclet number, R yV/2 t, where v is the sliding velocity, I the width
of the area in the direction of this velocity, and d- the thermal diffusivity.
Even in the intermediate range where R is of the order of unity, author shows
that two iterations suffice for any practical purpose. In the case R = 1,
author's result, partizularly as regards the maximum flash temperature reached
in the contact area, differed only slightly from that obtained according to
the approximate technique of Blok (PROC. GEN. DISC. IJEBRIC., INSTN. MECH.
ENGRS. v. 1, p. 222; L)ndon, 1937). To arrive at.an exact solution, in the
form of a series expansion in Mathieu functions, reviewer suggests to intro-
duce confocal coordinates.

32. Mizushina, T., et al

Thermal contact resistance between

mercury and a metal surface. INTER. j.

=kT MSS TRANSFER v. 1, p. 139-146,

1960.

This paper describes a very carefully conducted experiment desgigned to
determine the thermal contact resistance between liquid mercury and a
solid. The results indicate a negligible resistance between pure mercury
and chromium-plated copper. While it is not the authors' intent to do so,
he .have also described a simple apparatus which can be used to measure

directly the thermal conductivity of conducting materials.
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33. Pohle, Frederick V., Lardner, T. J. and French, F. W.

TEMPERATURE DISTRIBUTION AND THERMAL STRESSES

IN STRUCTURES WITH CONTACT RESISTANCES, Polytechnic

Institute of Brooklyn. Rept. no. PIBAL-557. May 60,

32 p. (Contract AF 49(638)-302)

The temperature distribution in a built-up structure in the form of an I-
section composed of cover plates and a web was investigated for the case
of a contact resistance at the junction of the cover plates and the web.
The temperature-discontinuity condition is discussed relative to proportionality
to the time derivative of the web temperature, and a new junction condition
is proposed. Graphs of temperature and stresses are presented for the case
of constant flux of heat to the cover plates.

34. Schaaf, S. A.

On the superposition of a heat source and

contact resistance. QUART. APPLo MATH. v. 5,

p. 107-111, Apr 1947.

As two solid bodies are rubbed together, work is done at the rubbing surfaces.
This work raises the temperature of the rubbing surfaces and the energy is
then transferred by conduction into the body of the solids. This process is
idealized as a plane heat source plus surface resistance to heat flow, plus
semi-infinite conducting media. It is shown that for several arrangements of
heat source and surface resistance, a single boundary condition applies. The
appropriate differential equations are set up and solved, making use of Laplace
trantsform methods. General solutions are obtained for the case of constant
heat source (as for constant rubbing velocity) and for heat source which is
a function of time (as for accelerated rubbing velocity, a projectile in a
gun). A few snmple computed temperature distributions for a copper block
rubbing on steel are shown.

35. Seide, P.

On one-dimensional temperature distribution in

two-1-yered slabs with contact resistance at the

plane of contact. J. AERO/SPACE SCI. v. 25, n. 8,

15
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p. 523-524, Aug 1958.

A general solution was developed for both the steady-state and transient
state. The actual value of the specific contact resistance still remains
as the dominant yet indeterminate variable.

36. Shlykov, Yu. P. and Ganin, E. A.

The thermal resistance of a contact.

ATOMNAYA ENERG. v. 9, p. 496-498, 1960.

(In Russian)

Calculations are presented on thermal conductivity at a contact between rough
surfaces at various pressures. The calculated values are in good agreement
with experimental data.

37. Simmons, W. E.

HEAT TRANSFER FROM A STAINLESS STEEL TUBE

TO A SURROUNDING WATER COOLED COPPER TUBE

UNDER VARYING AIR PRESSURES AND TEMPEAT1,RESo

Great Britain. Atomic Energy Research Establishment.

Rept. no. AERE-E/R-1205. 9 June 53, 18 p.

Experimental results are given of the heat loss from a. vertical heated tube
surrounded by a concentric outer tube immersed in a stagnant water bath. 'The
experiments covered a range of temperatures up to 450 0C and air pressures in
the annulus from atmospheric pressure down to 10-2 mm. of Hg, It is shown
that the heat transfer is largely by thermual conduction across the air space;
natural convection currents do not play a significant part. This agrees with
theoretical predictions, Radiation losses have also been separated. In no
case did the temperature of the outer tube exceed the water temperature by
more than 250 C.

38. Skipper; R. G. S. and Wootton, K. J,

THERMAL RESISTANCE BETWEEN URANIMU AND CAN.

In Second United Nations International

i6
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Conference on the Peaceful Uses of

Atomic Energy. A/Conf.15/P/87. 1958, 17 p.

The fuel element cans of most of the current gas-cooled graphite-moderated
reactors are not bonded to the uranium fuel. Good contact between can and
fuel is ensured by a pressurizing operation during the canning process. The
temperature drop at the interface will be small compared to the can-to-gas
temperature drop, but an accurate knowledge of it is vital to the fuel element
design. The cause of the temperature drop between metal surfaces in contact is
discussed, and theoretical methods that have been put forward for evaluating
it are considered, including the prediction of the effect of can-filling gas

between the surfaces. The effect of mean free path to gap ratio is noted
as being important when the filling gas pressure is low. The beneficial
results of pre-pressurizing are considered. The experimental approach to
the problem is discussed. Experiments which have been carried out using
flat plates of uranium and magnesium alloy in contact are described, with
special reference to the apparatus designed by the General Electric Company
for this purpose. The effects of interface temperature, interface pressure,
the choice and pressure of the filling gas, ard surface oxidation are considered
from the experimental results, and the agreement with theoretical predictions
is discussed.

39. Swann, W. F. G.

Concerning thermal junction resistance in

the A. F. Joffe method for measurement of

thermal conductivity. J. FRANKLIN INST.

v. 268, n. 4, p. 294-296, Oct 1959.

The note gives a correction to an elaboration of parts of a previous paper on
the same subject (AM1• 13 (1960), Rev. 921). The effect of the thermal
resistance at the contact interface between the two blocks is discussed in
more detail.

ho. Swann, W. F. G,

Theory of the A. J. Joffe method for rapid

measurement of the thermal conductivity of

solids. J. FRANKLIN INST, v. 267, n. 5,

p. 363-380, May 1959.

An exact solution is presented for the case where a block of high thermal
conductivity is fastened to a block of low thermal conductivity representing
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the unknown material. The thermal conductivities and masses of the two blocks
are such that one may assume that the block of high thermal conductivity has
a temperature which, though time-dependent, is constant throughout the mass,
although the temperature may vary throughout the block of low thermal conduc-
tivity when its outer surface is suddenly raised to a temperature T. and kept
there. If 6 is the excess of the temperature at some point over T, the
general problem consists in finding gas a function of distance and time
(assuming a two-dimensional heat flow). The two cases where therT.mal resistance
at the contact interface between the two blocks may or may not be present are
discussed and relations developed; however, the actual complete expression
for 9 as a function of distance and time is given only for the case where
thermal resistance at the interface is neglected.

41. Tachibana, F.

Thermal resistance of metallic contact parts.

JAPANESE SOCIETY OF MECHANICAL ENGINEERS.

JOURNAL v. 155, n. 397, 1954.

This reference could not be located for verification and abstracting purposes.

42. Vernotte, P.

Extension of Fourier~s method to composite

systems with resistance to heat flow between

certain regions. (Extension de la methode de

Fourier I l'tude des syst~mes complexes dans

lesquels certains milieux sont separes par une

resistance de passage). C. R. ACADO SCI., PARIS

v. 224, p. 1416-1418, 19 May 1947.

The author first explains the derivative of the known identity

±z J~) arffs qo

L8
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upon which is based the general method of calculation of a Fourier expansion
for the solution of a cooling problem. In the above expression 0, p, and
represent, respectively, the specific heat, density, and conductivity of each
medium; h is the coefficient of heat transfer toward the exterior; T is a
continuous function of the co-ordinates such that Y z, V, z)e-'"*is a solution
of the equation of heat conductors; Y is an arbitrary continuous function;
V is the volume of the system; Y is the total exterior surface; and Y, do- are
volume and surface elements, respectively.

In the case of contact resistance between bodies, the abcve identity does not
hold, since there is a discontinuity. The author shows that for such a system
the right-hand side of the identity contains the additional term

when I/ represents the portions of the surface between two media with
resistance R between them. It is stated that either the above identi.y or the
modified form of it serves as a basis for Fourier calculations only by their
symmetry in J9 and

43. Weills, N. D. and Ryder, E. A.

Thermal resistance measurements of joints

formed between stationary metal surfaces.

ASNE TRANS v. 71, p. 259-67, 1949.

Tests carried out on aircraft engine metals (steel, aluminum alloys, bronze)
to determine thermal resistance of dry and oil filled joints between two
flat surfaces; apparatus consisted of two test blocks 3 in. diameter times
3 in. long stacked axially in contact with inductively heated copper block
at one end and with water cooled copper block at other all between platens
of hydraulic press.

44. Wheeler, R. G.

TBERMAL CONTACT CONDUCTANCE. General Electric

Co. Hanford Atomic Products Operation. Fept,

no. HW-53598. 13 Nov 57, 13 p, (Contract W-31-109-

eng-52.

Thermal contact conductance literature is reviewed with particular concern
about those data that could aprly to reactor fuel elements. Contact conduc-tance

19
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values for a number of metal couples are plotted as a lanction of pressure on
the joint so that comparison between the results of the various experiments
can be made in consistent units. The use of formulas relating contact conductance
to pressure on the joint, hardness of the metals, number of points in actual
metallic contact, and the average radius of these contact points is discussed.
An observed dependence of thermal contact coefficient on direction of heat
flow tIhrough joints between dissimilar metals is reported. A theory explaining
this effect is proposed.
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